The structural changes of Li 1-x Ni 0.5 Co 0.2 Mn 0.3 O 2 cathode material for lithium ion battery during the first charge was investigated in comparison with Li 1-x Ni 0.8 Co 0.15 Al 0.05 O 2 using a synchrotron based in situ X-ray diffraction technique. The structural changes of these two cathode materials show similar trend during first charge: an expansion along the c-axis of the unit cell with contractions along the a-and b-axis during the early stage of charge and a major contraction along the c-axis with slight expansions along the a-and b-axis near the end of charge at high voltage limit. In Li 1-x Ni 0.5 Co 0.2 Mn 0.3 O 2 cathode, however, the initial unit cell volume of H2 phase is bigger than that of H1 phase since the c-axis undergo large expansion while a-and b-axis shrink slightly. The change in the unit cell volume for Li 1-x Ni 0.5 Co 0.2 Mn 0.3 O 2 during charge is smaller than that of Li 1-x Ni 0.8 Co 0.15 Al 0.05 O 2 . This smaller change in unit cell volume may give the Li 1-x Ni 0.5 Co 0.2 Mn 0.3 O 2 cathode material a better structural reversibility for a long cycling life.
Introduction
LiCoO 2 has been most widely used as positive electrode material because of its good cycleability, [1] [2] [3] acceptable discharge capacity, high rate capability, and reasonable thermal stability in common electrolytes. 4) Lithium extraction from layered LiCoO 2 is explained on the basis of the relative energies of the Co 3+/4+ redox couple. 5) However, there has been extensive research focused on finding new positive electrode materials with higher capacity and better cycle life to replace LiCoO 2 in Lithium-ion batteries. Therefore, many research groups are studying of new materials. Mn y Co z O 2 cathode materials series, which is now commercialized in some of the major battery companies. In this study, LiNi 0.5 Co 0.2 Mn 0.3 O 2 material was studied using synchrotron based X-ray diffraction. During the first charge, the electrochemical performance and properties of cathode materials for lithiumion batteries are related with the structural changes and their crystal structure.
Experimental
The slurry for cathode was prepared by mixing of 92% LiNi 0.5 Co 0.2 Mn 0.3 O 2 (Daejung EM Co. LTD), 4% carbon black (Chevron) as conductor material, 4% polyvinylidene fluoride (Kureha) binder with N Methyl pyrrolidone solvent. The cathode film was formed on the Al foil current collector by slurry coating technique. The coin cell (2032 type) was made of a Li foil for anode, a separator (Celgard), and as-prepared cathode with a 1.3 M LiPF 6 electrolyte in a 3:7 ethylene carbonate/diethyl carbonate solvent. The in situ XRD cells were assembled in an argon-filled glove box. The Kapton windows were used in the in situ cell for synchrotron based in situ x-ray diffraction. These in situ experiments have been described in detail elsewhere. 9) In situ XRD spectra were collected on beam line 10B XRD KIST-PAL (with λ = 0.9961 Å wavelength) at the Pohang Light Source (PLS) at Pohang Accelerator Laboratory using MAR345 image plate detector. The two theta angles of all the XRD spectra presented in this paper have been recalculated and converted to corresponding angles for λ = 1.54 Å, which is the wavelength of conventional X-ray tube source with Cu Ka radiation, for easy comparison with other published results in paper.
Results and Discussion
Synchrotron-based in situ XRD technique was used for studying the structural changes of Li 1 -x Ni 0.5 Co 0.2 Mn 0.3 O 2 during first charge. The first charge curve of Li 1-x Ni 0.5 Co 0.2 Mn 0.3 O 2 is plotted in Fig. 1 . The in situ cell was charged to the 5 V cut-off limit with a specific charge capacity about 279 mAh/g using a constant current condition at C/7 rate. During the first charge, 178 XRD scans were continuously collected as indicated in Fig. 1 . Fig. 2 and 3 show the in situ XRD patterns of a Li 1-x Ni 0.5 Co 0.2 Mn 0.3 O 2 cathode during the first charge at a C/7 rate. For easy comparison purpose, the two theta angles of all the XRD patterns presented in this paper have been recalculated and converted to the corresponding angles for a λ = 1.54 Å, which is the wavelength of a conventional X-ray tube source with Cu-Kα radiation. The missing data in scans of 138 through 145 were due to the X-ray beam being unavailable. These in situ XRD patterns are plotted in Fig. 2 for the 2θ angle regions with Bragg reflections (indexed based on a hexagonal unit cell) from (003) to (105), and in Fig. 3 for the Bragg reflections from (107) to (113). The scan numbers marked in Fig. 2 and 3 correspond to the numbers marked on the first charge curve in Fig. 1 . The peaks in the XRD spectra can be indexed to a hexagonal phase similar to that indexed by Yang et al. for LiNiO 2 . 10) Two hexagonal phases (H1 and H2) can be clearly identified and their corresponding Bragg peaks are indexed in Figs. 2 and 3. At the end of charge, the formation of the third hexagonal phase H3, indicated by a shoulder formed on the higher 2θ angle side of (003) peak of H2, can be observed.
The c-axis in the hexagonal unit cell is normal to the set of atomic layers that contribute to the (003) and (006) reflections. Therefore, changes in the length of c-axis can be monitored by the variation of the 2θ angle positions of (003) and (006) reflections. Similarly, the (110) reflection arises from a set of atomic planes that are parallel to the c-axis. Therefore, the 2θ angle positions of (110) reflection are sensitive only to the changes in the length of a-or b-axis in the unit cell. The other indexed reflections from the cathode materials have coupled contributions from a-or b-axis and c-axis. The structural changes observed in Fig. 2 are similar to the phase transitions reported by Yang et al. 10) for LiNiO 2 during the first charge. In that study, Yang et al. observed a set of new peaks, which was indexed to a new hexagonal phase H2, emerges at the expense of the original hexagonal phase H1 during first charge (between 3.9 and 4.2 V). The (003) peak of the newly formed phase occurs at a lower 2θ angle than the original phase, indicating that the newly formed phase has a larger c-axis, while the (101) and (110) peaks of the new H2 phase emerge at higher 2θ angles than those for H1, indicating a shorter length in a and b axis. It can be seen in Fig. 2 , during scan 8-22 in first charge for Li 1-x Ni 0.5 Co 0.2 Mn 0.3 O 2 cathode, a (003)H2 peak representing the H2 phase emerges at the lower 2θ angle side of (003)H1, while the (101)H2 emerges at the higher 2θ angle side of (101)H1. This is almost the same as what had been reported for the LiNiO 2 cathode. 10) During the phase transition from H1 to H2 (scan 8-50), with the decreasing intensities of the Bragg peaks representing H1 phase, the 2θ angle positions for both (003)H1 and (101)H1 remain the same. During the same charge period, with the increasing intensities of the Bragg peaks representing H2 phase, the (003)H2 position shifts continuously to lower angles while (101)H2 position keep moving to higher angles. This indicates that the c-axis of the H2 phase expands while the a-b plane contacts during early stage of charge. When charged to high voltage during scan 106-178, the position of (003)H2 peak changes moving direction towards the higher angles and the peak width broadens significantly. At the end of charge at 5 V, a new peak emerged at the right shoulder of (003)H2 peak, indicating the formation of the H3 phase with even shorter c-axis. However, in comparison with the structural changes of LiNiO 2 reported by Yang et al., 10) for Li 1-x Ni 0.5 Co 0.2 Mn 0.3 O 2 cathode, the length of c-axis of H3 unit cell is larger, and the phase transition from H2 to H3 was incomplete. From scan 57 to scan 178, the position change of (101) peak is hardly noticeable. The position of (101) peak mainly represents the changes of a-axis, but also has a minor contribution (1/3 in weight) from the caxis. 10) Therefore, in order to get precise information about the changes in a-b plane, the position changes of (110)H2, which has pure a-b contribution with no caxis contribution, need to be examined.
Using the (220)Al reflection (from the Al current collector in the in situ cell) as internal standard, the position changes of (110)H2 can be clearly identified in Fig. 3 . As shown in Fig. 3 , during scan 1-99 (110)H2 follows the similar trend as (101)H2 in Fig. 2 : emerges at the higher angle side of (110)H1 starting at Figs. 2 and 3 can be explained in the following way. The position changes of (10l) reflections with larger l values, such as (108), follow the trends seen for the (003) peaks, while those with smaller l values, such as (101), follow the (110) peak. As the values of l increases, the influence to the peak position by the c-axis increase. Therefore, the shift in the (108) reflection is similar to the changes in the (003) reflection while the shift in the (101) reflection basically follows the (110) reflection. Finally, the peak intensity of the (006) reflection becomes very weak after scan 29 and cannot be recognized.
The lattice parameters obtained from least-squares refinements using the in situ XRD data are shown as a function of voltage; the charging curve and more detailed information have been reported in [11] ). In both systems, the similarity is that the new H2 phases in both materials show a shorter "a" and a longer "c" axis in the early charge. Then, the original H1 phase of both layered materials does not show any change in lattice parameters. However, in the LiNi 0.5 Co 0.2 Mn 0.3 O 2 system, the changes in lattice parameters from H1 (a = 2.848 Å and c = 14.301 Å from scan 8 in Fig. 2 ) to H2 (a = 2.826 Å and c = 14.502 Å from scan 8 in Fig. 2 ) are clearly smaller than those in the LiNi 0.8 Co 0.15 Al 0.05 O 2 system (a = 2.866 Å and c = 14.207 Å for H1, a = 2.815 Å and c = 13.856 Å for H2, from scan 9 in Fig. 5 and 6 ). This reflected in the XRD patterns in Fig. 2 , where the peak separation of H1 and H2 (101) reflection was severely reduced, while the peak separation of H1 and H2 (003)reflection was hardly observed. The other differences between the two layered materials are the following: 
